Icaritin is an active ingredient derived from the plant Herba epimedium, which exhibits various pharmacological and biological activities. However, the function, and the underlying mechanisms of icaritin on the growth of SMMC-7721 human hepatoma cells have yet to be elucidated. The present study aimed to investigate the function and underlying mechanisms of icaritin in the growth of SMMC-7721 cells. The cells were treated with varying concentrations of icaritin for 12, 24 and 48 h, respectively, prior to cytotoxic analysis. Apoptosis of SMMC-7721 cells following treatment with icaritin was measured using flow cytometry. The gene expression of mitochondria-and Fas-mediated caspase-dependent pathways was detected by reverse transcription-quantitative polymerase chain reaction and western blotting. Statistical analysis was performed by Student's t-test and one-way analysis or variance. The present study demonstrated that treatment with icaritin significantly inhibited growth, and induced apoptosis of SMMC-7721 cells, in a time-and dose-dependent manner. In addition, icaritin triggered the mitochondrial/caspase apoptotic pathway, by decreasing the Bcl-2/Bax protein ratio and increasing activation of caspase-3. Icaritin also activated the Fas-mediated apoptosis pathway, as was evident by the increased expression levels of Fas and activation of caspase-8. These data suggest that icaritin may be a potent growth inhibitor and induce apoptosis of SMMC-7721 cells through the mitochondria-and Fas-mediated caspase-dependent pathways. The present study may provide experimental evidence for preclinical and clinical evaluations of icaritin for HCC therapy.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common types of malignant tumor worldwide, and is the third leading cause of cancer-associated mortality, after lung and colon cancer (1) (2) (3) (4) . It is one of the most aggressive human malignancies and previous data have shown that the five-year survival rate is poor (5) . The most effective therapy for HCC is usually surgical resection or liver transplantation; however, in ~70% of patients surgery is unsuitable due to tumor metastasis or liver cirrhosis (6) . The standard therapy for HCC is currently chemotherapy, particularly when surgical resection is not suitable (7) . However, the current therapeutic options for HCC are not effective, since resistance and tumor relapse eventually develop (8) . Novel therapeutic strategies, such as effective chemotherapy with low toxicity, are required, in order to decrease the incidence and improve the prognosis of patients with HCC.
Flavonoids are plant polyphenols that are well-known for their analgesic, physiological antipyretic and anti-inflammatory activities. Flavonoids have recently gained attention due to their antitumor activity (9) (10) (11) . Icaritin is a prenylflavonoid and is a hydrolytic product of icaritin, derived from Herba Epimedii. Icaritin exhibits various pharmacological and biological activities, including antirheumatic and antidepressant effects, stimulation of cardiac and neuronal differentiation (12) (13) , prevention of steroid-associated osteonecrosis (14) , and inhibition of growth and induction of apoptosis of PC-3 human prostate carcinoma and MCF-7 breast cancer cells (15) (16) .
It has recently been demonstrated that icaritin induces apoptosis of breast and endometrial cancer cells, through the mitochondrial pathway (17, 18) . However, whether icaritin may trigger the extrinsic pathway, which is mediated by death receptors, remains unclear. The present study aimed to investigate the anticancer activities of icaritin in SMMC-7721 cells, and to identify the underlying mechanisms. Cell proliferation assay. Cell proliferation was analyzed by an 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide assay (Sigma-Aldrich). The L02 and SMMC-7721 cells were seeded into 96-well plates, at a density of 5x10 3 cells/200 µl/well and incubated at 37˚C in a humidified 5% CO 2 incubator. The cells were then treated with 0, 5, 10, 20, 40 or 60 µmol/l icaritin for 12, 24 or 48 h, and the plates were returned to standard tissue incubator conditions for an additional 4 h. The media was removed and the cells were solubilized in 150 µl DMSO. The color intensity of formazan was measured at a wavelength of 490 nm, using an automated microplate spectrophotometer (iMark, Bio-Rad, Hercules, CA, USA). The survival rate of the cells was calculated using the following formula: (OD value of the treated group/OD value of untreated group) x 100%. Where OD is the optical density. The assays were performed in triplicate, in three independent experiments.
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Cell apoptosis assay by flow cytometry (FCM).
The cells were stained with Annexin V-FITC/propidium iodide (PI) and measured using a FACSCalibur™ flow cytometer (BD FACSCanto™ II Flow Cytometer, BD Biosciences, Franklin Lakes, NJ USA). The samples were washed twice, and adjusted to a concentration of 1x10 6 cells/ml, with phosphate-buffered saline (PBS). A total of 200 µl of cell suspension was added to each tube, 5 µl Annexin V-FITC and 10 µl PI were added to the labeled tubes, and the samples were incubated for 15 min at room temperature in the dark. Subsequently, 200 µl PBS binding buffer was added to each tube and the samples were analyzed by FCM analysis (BD Biosciences) as soon as possible. The results were analyzed using FlowJo software (version 6.1.3, FlowJo, LLC, Ashland, OR, USA). The rate of apoptosis was calculated as the relative number of apoptotic cells, as compared with the total number of cells.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
The cells were frozen in liquid nitrogen and stored at -80˚C, until further use. Bcl-2, Bax and Fas mRNA expression levels were quantified by RT-qPCR using a Reverse Transcription system (Promega Corporation, Madison, WI, USA). The reaction was conducted at 42˚C for 60 min.
Total cellular RNA was extracted using TRIzol ® reagent (Invitrogen Life Technologies, Carlsbad, CA, USA), according to the manufacturer's instructions. The primer sequences used were as follows: Sense: 5'-CCACCAAGAAAGCAGGAAAC-3' and antisense: 5'-GCAGGATAGCAGCACAGGA-3' for Bcl-2; sense: 5'-CTGAGCTGACCTTGGAGC-3' and antisense: 5'-GACTCCAGCCACAAAGATG-3' for Bax; sense: 5'-AGCTTGGTCTAGAGTGAAAA-3' and antisense: 5'-GAGGCAGAATCATGAGATAT-3' for Fas; and sense 5'-CCTCTATGCCAACACAGTGC-3' and antisense 5'-GTACTCCTGCTTGCTGATCC-3' for β-actin. The mRNA expression levels of Bcl-2 and Bax were analyzed using one-step RT-qPCR, with RNA-direct™ SYBR ® Green Realtime PCR Master mix (Toyobo Co., Ltd., Osaka, Japan), according to the manufacturer's instructions. RNA (2 µl) was amplified under the following conditions: 95˚C for 5 min for denaturation followed by 40 cycles of 95˚C for 30 sec, 57˚C for 45 sec and 72˚C for 1 min. The amplification was monitored on an ABI Prism 7500 Real-Time PCR system (Applied Biosystems Life Technologies, Foster City, CA, USA).
Western blot analysis. The SMMC-7721 cells were incubated with 8, 16 or 32 µM icaritin for 24 h. The cells were then lysed with ice-cold lysis buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl, 1 mM MgCl 2 , 100 µg/ml PMSF and 1% Triton X-100) for 30 min on ice. The total proteins were contained within the supernatant following centrifugation at 13,225 x g for 5 min at 4˚C, and the protein concentrations were measured using a BCA assay (GENMED Scientifics Inc.). Equal quantities (40 µg) of lysate protein were separated on 10% SDS-PAGE gels, and electrophoretically transferred onto polyvinylidene fluoride membranes (Pall Corporation, East Hills, NY, USA). The membranes were then blocked with 5% non-fat dry milk in TBST buffer (10 mM Tris, pH 7.5, 150 mM NaCl, and 0.05% Tween ® -20) for 2 h at room temperature, and probed with 1:1,000 dilutions of the primary antibodies described above, at 4˚C overnight. Subsequently, the membranes were incubated with 1:5,000 dilutions of horseradish peroxidase-conjugated secondary antibody to mouse (Sigma-Aldrich, for the detection of Bax or cleaved caspase-8) or rabbit (Santa Cruz Biotechnology, Inc., for the detection of cleaved caspase-3, Fas and β-actin). Protein bands were visualized using an Enhanced Chemiluminescence Detection system (ChemiDoc, Bio-Rad). Band intensity was quantified using BandScan 5.0 software (Glyko, Hayward, CA, USA). All of the western blots were performed at least three times.
Statistical analysis. Statistical analyses were performed using SPSS version 16.0 software (SPSS Inc., Chicago, IL, USA). Each assay was performed at least three times. Data were expressed as the mean ± standard deviation. Student's t-test and one-way analysis of variance were used to determine statistically significant differences between the data. P<0.05 was considered to indicate a statistically significant difference.
Results
Icaritin exhibits growth inhibitory activity on hepatoma cells, whereas the same dose causes little adverse effect on normal human liver cells. Treatment with icaritin significantly inhibited the growth of SMMC-7721 cells. The half maximal inhibitory concentration (IC 50 ) of icaritin in the SMMC-7721 cells, which underwent treatment for 24 h, was 9.6 µM ( Table I ). The rate of survival of the SMMC-7721 cells decreased in response to an increasing icaritin concentration (0-60 µM), and this effect was time-and dose-dependent (Fig. 1B) . Treatment with the same concentration of icaritin caused little effect on the survival of the L02 normal human liver cells (Fig. 1C) . These results indicate that icaritin exerts a growth inhibitory activity on hepatoma cells, whereas the same dose did not have the same effect on normal human liver cells.
Icaritin induces significant apoptosis of SMMC-7721 cells in a time-and dose-dependent manner.
Treatment with icaritin markedly induced apoptosis in the SMMC-7721 human hepatoma cells (Fig. 2A) . The rate of apoptosis of the SMMC-7721 cells was 3.0±0.3, 7.8±0.9 and 56.5±6.5%, in response to treatment with 8, 16 and 32 µM icaritin, respectively. However, 0-32 µM icaritin did not trigger significant levels of apoptosis in the L02 human normal hepatocyte cells (Fig. 2B and C) . In addition, icaritin induced an increased rate of apoptosis in a dose-dependent manner, when the time of treatment was fixed (Fig. 2D) . These results suggest that treatment with icaritin markedly induced apoptosis of SMMC-7721 HCC cells in a time-and dose-dependent manner.
Icaritin upregulates the protein expression levels of Bax and cleaved caspase-3 and effects gene expression in SMMC-7721 cells. Treatment of the SMMC-7721 cells with various concentrations of icaritin for 24 h significantly
increased the protein expression levels of Bax and cleaved caspase-3 (Fig. 3A) . The protein expression levels of Bax and cleaved caspase-3, at the mitochondrial membrane, were significantly increased in response to treatment with icaritin, in a dose-dependent manner (Fig. 3B) . Furthermore, (Fig. 3C) .
Effects of icaritin on SMMC-7721 apoptosis, by the extrinsic pathway.
The results of the present study indicate that icaritin may trigger the mitochondrial pathway of apoptosis in SMMC-7721 cells (Fig. 3) . The present study also aimed to determine whether icaritin could induce apoptosis through the death receptor pathway. The protein expression levels of Fas were increased following treatment with icaritin (Fig. 4A) . Treatment of the SMMC-7721 cells with 32 µM icaritin for 24 h also induced cleaved caspase-8 protein expression. Icaritin also upregulated the mRNA expression levels of Fas in the SMMC-7721 cells (Fig. 4B) .
Discussion
HCC is the third most common cause of cancer-associated mortality, with ~600,000 fatalities worldwide (19) . The most effective therapy for HCC is surgical resection; however, <15% of patients can benefit from this treatment, due to the presence of numerous tumor nodules. Until recently, chemotherapy for patients with HCC was toxic and not particularly effective. Thus emphasizing the requirement for further research into the molecular mechanisms of HCC development, and identification of non-cytotoxic and effective antineoplastic compounds for chemoprevention and treatment. Recently, more traditional herbal medicines are being considered for use as anticancer treatments (20) (21) (22) . However, few anticancer agents with low toxicity have been identified to be safe and effective for the treatment of HCC. It has previously been demonstrated that certain Chinese natural ingredients, or herbal formulas, have preventive and therapeutic effects against cancer. In particular, the development of icaritin has gained attention as an antifibrotic and antineoplastic monomer, purified from the herb Epimedium (23) (24) (25) . The present study demonstrated that icaritin may inhibit growth and significantly induce apoptosis in SMMC-7721 cells, with an effective concentration range between 8 and 32 µM. The icaritin-induced growth inhibition and apoptosis were time-and dose-dependent. Furthermore, icaritin at the concentrations mentioned above, hardly affected the growth and apoptosis of L02 non-tumor human hepatocyte cells. These results suggest that icaritin may possess a selective antitumor action.
The present study also investigated the underlying mechanisms of icaritin-induced apoptosis of HCC cells. The expression of a number of genes, including Bcl-2, Bax and Caspase-3 have been revealed to be altered following treatment with icaritin, but the study, which demonstrated this was focussed on the mitochondrial pathway (26) . Bax and Bcl-2 family members are critical regulators of mitochondrial function (27-30). They may activate or inhibit the release of cytochrome c, which leads to the activation of caspase-3 in the process of apoptosis. Bax exerts pro-apoptotic activity by translocation from the cytosol to the mitochondria, and induces the release of cytochrome c; whereas Bcl-2 exerts anti-apoptotic activity by inhibiting the translocation of Bax to the mitochondria (31). The Bcl-2/Bax ratio is correlated with the extent of apoptosis, and is a crucial factor in the induction of apoptosis (32) . In the present study, treatment with icaritin resulted in increased Bax and decreased Bcl-2 expression levels, leading to a decreased Bcl-2/Bax ratio. Caspase-3 protein was cleaved and cleaved caspase-3 expression levels were shown to be increased. The alterations to the Bcl-2/Bax ratio and the expression of cleaved caspase-3, in response to treatment with icaritin, were dose-dependent.
Mitochondria have a pivotal role in the signal transduction of apoptosis (33) ; however, activation of the mitochondrial pathway is not the only mechanism by which icaritin may induce the apoptosis of HCC cells. The extrinsic pathway is mediated by death receptors, and involves Fas and the binding and activation of caspase-8 (34) (35) (36) . It has previously been reported that the engagement of Fas may promote the formation of the death-inducing signaling complex, resulting in activated T cell apoptosis (37) . The Fas ligand activates caspase-8, following interaction with the Fas receptor (38) . Activation of B A caspase-8 may lead to the activation of downstream effector proteases, such as caspase-3, resulting in apoptosis (39) (40) . The present study showed that the expression levels of Fas were significantly increased following treatment with icaritin and the protein expression levels of cleaved caspase-8 were detected following treatment with 32 µM icaritin. These results demonstrate that increased apoptosis may be achieved through the extrinsic pathway in SMMC-7721 cells treated with icaritin.
The results of the present study indicate that icaritin may inhibit growth and induce apoptosis in SMMC-7721 cells. These effects were dose-dependent and not observed in L02 normal hepatocyte cells. The underlying mechanisms of icaritin-induced apoptosis were also examined. The results of the present study indicate that icaritin-induced apoptosis involves the intrinsic mitochondria and extrinsic death receptor pathways. Fas activation was shown to be required for icaritin-induced apoptosis. These data suggest that icaritin may be developed as a promising anticancer agent against human HCC.
